T his article summarizes new aerial robotic mani pulation technologies and methods-aerial robotic mani pulators with dual arms and multidirectional thrusters-developed in the AEROARMS project for outdoor industrial inspection and maintenance (I&M). Our report deals with • the control systems, including the control of the interaction forces and the compliance
Open-Air Operation
Aerial manipulation involves aerial robots equipped with arms (see Figure 1 ) or other end effectors performing tasks such as assembly or contact inspection in locations that are extremely dangerous or either inaccessible or quite costly to access from the ground. It involves exceedingly challenging problems, mainly because of aerodynamic influences and fast dynamics compared to other floatingbase manipula tion systems.
With very few exceptions, research in aerial robotic manipulation, such as grasping objects from the air with a helicopter [1] , has been performed indoors. These indoor works include picking and basic manipulation with quadro tors as well as cooperative assembly with several aerial robots [2] . In [3] , a quadrotor with a small arm maintaining contact with a surface was reported. Indoor redundant manipulators were studied in [4] . In [5] , an indoor flying robot capable of depositing polyurethane foam was presented. Later on, new indoor aerial manipulators were created and demonstrated for applications such as drawer opening [6] . Compliance was studied in [7] . The transportation of bars with two quadrotors was presented in [8] .
More recently, new aerial grasping [9] and aerial systems interacting with the environment more generally have been presented [10] . All these systems were operated indoors. In the Aerial Ro bots Cooperative As sembly System, or ARCAS, proj ect (http://www.arcas project.eu/), indoor and outdoor aerial manipula tor prototypes using heli copters (eq uipped with the the German Aero space Center's KUKA lightweight robot arm) and multirotor systems (equipped with light arms) were displayed, including fully autonomous visual servoing. The projects pursued by AERO WORKS (http://www.aeroworks2020.eu/) have included estimation, localization, and control of unmanned aerial vehicles; collaborative exploration; and aerial manipulation. Aerial manipulation was also demonstrated indoors [11] . By contrast, the AEROARMS project (https://aeroarms project.eu/) is more focused on aerial manipulation for out door application in I&M, and it includes the development of new aerial robotic manipulators. We selected three use cases in industrial environments, particularly in oil and gas plants (see Figure 2 ): 1) direct contact measurements while flying 2) robotic crawler deployment 3) installation of sensors. Performing experiments in these plants required previous extensive outdoor testing in industrial settings using reliable aerial manipulators able to deal with the more challenging out door constraints. The machines required the agility to recover from wind perturbations, the compliance to absorb unexpect ed impacts, the ability to operate under variable lighting condi tions, and the capacity to compensate for inaccuracies in Global Navigation Satellite System (GNSS) positioning.
Solving these inspection use cases in realistic settings is a difficult problem. We believe the design and creation of suitable manipulation systems require the follow ing developments:
• aerial robotic manipulators able to apply forces for contact inspection in any direction and also to compensate for wind disturbances, as well as dualarm manipulators for the installation of sensors in complex settings
• control systems for the aerial manipulators, integrating the aerial platform and the manipulator • bilateral teleoperation systems with haptic interfaces and an appropriate tradeoff between stability and performance • a reliable outdoor autonomous perception system • a planning system that considers the dynamic behavior of the aerial platform and the arm in a closed loop. These components, along with a new robot for industrial applications and the lessons learned from it, are examined in the following sections.
Platforms
Aerial manipulators are multibody systems with coupled (aer ial platform-manipulator) dynamic behavior that applies forces to objects. The AEROARMS project includes the mod eling and control of propulsion systems [12] and assessment of the aerodynamic effects when flying very close to the envi ronment [13] ; this article, however, concentrates on the plat form's main design aspects.
Most aerial manipulators [3] - [6] use standard multirotor platforms, with all of the propellers oriented in the same direction. They are thus underactuated, with only 4 degrees of freedom (DoF), and they need to tilt to move or exert forces in the horizontal plane. Nonconventional multidirec tionalthrust platforms with tilted rotors [14] have been designed, with the ability to direct the total thrust in more than one direction of the body frame [see Figure 1 Table 1 . Aerial manipulators use mechatronic devices such as bars, grippers, or multilink arms to reach the operation point, grasp and manipulate objects, and exert forces on the environment. The design of these devices is important because their movement induces the displacement of the center of mass (CoM) as well as variation in moments of inertia, generating disturbance torques and affecting the dynamics of the aerial vehicle [4] . To overcome these effects, a new AEROX arm configuration has been designed. The arm's weight is compensated for the batteries, so the arm movement does not modify the manipulator's CoM. Additionally, any contact forces from the interaction with the environment are transmitted directly to the CoM without generating perturbation torques. Manipulation more advanced than simple grasping or force exertion over a surface requires the use of aerial manip ulators with dual arms. Very few dualarm aerial manipula tors have been developed (as, for example, [15] ) that use two 3DoF arms for valve turning. But in AEROARMS, two new anthropomorphic dualarm aerial manipulators with four and five joints (see Table 1 ) have been developed, because this configuration maximizes dualarm manipulability. The first is an octorotor with arms weighing 0.9 kg. The maxi mum load that can be lifted by the two arms with stiff joints is 0.7 kg [ Figure 1(c) ].
Then, taking into account that collisions and impacts can severely affect the stability of the aerial manipulators and that compliance has been found to be very useful [7] , a dualarm aerial manipulator with compliant joints [16] was developed and tested outdoors [ Figure 1(d) ]. It is a hexarotor, and the arms have joints with elastic elements that can absorb the contact and collision forces generated by physical interaction, providing a compliant behavior that increases the system' s robustness and stability and also enables the measurement of interaction forces for force control. The total weight for both arms is 1.3 kg, and the maximum load that each arm can lift is 0.2 kg.
Control Systems
One of the key AEROARMS advances has been to intensively investigate the potentiality and limitations of control architec tures for aerial manipulation. As far as interaction control is concerned, a solution based on a multidirectionalthruster platform and a 6D flying end effector [14] represents the successful integration of known robotic algorithms dealing with both motion and interaction control into a platform hav ing a minimal sensor suite, i.e., a pose sensor plus an intertial measurement unit (IMU), without requiring any kind of force sensor. Stable interaction was also obtained in previous approaches (e.g., in [3] , where an aerial manipulator inter acted with a vertical surface). In AEROARMS, however, experiments involving complex interaction tasks, such as peg inhole with tilted holes and sliding on tilted surfaces, have been performed.
Two main motion control approaches have been con sidered. The first is based on modeling the aerial manipu lator as a unique system and designing the control scheme on the complete kinematic and dynamic models. See, for instance, [17] , where an integral backstepping controller was implemented. The second approach considers the aer ial platform and the robotic arm as two separate entities. Thus, two autonomous controllers are designed, one for the aerial vehicle, where the effects of the arm on the dynamics are handled as disturbances, and one for the arm, where the disturbances are due to the vehicle. Such a paradigm has been experimentally exploited, e.g., in [18] , where the aerial vehicle controller includes an estimator of external forces and moments to compensate for the neglected dynamics and the arm dynamics.
Visionbased techniques have also been exploited. In [19] , the feedback output from a camera attached to the end effec tor was adopted in a hierarchical control law. The camera images were exploited to drive the arm end effector to a desired position and orientation.
One AEROARMS objective is inspection through con tact while flying. This requires exerting forces on a surface, thereby maintaining contact with the sensor (e.g., ultra sonic) installed in the manipulator's end effec tor. Because interaction forces and moments can cause large deviations in motion control and/or destabilize the system, some active and/or pas sive compliance should be added to the vehicle and the manipulator's end effector. Passive com pliance, which was ad opted in the platform in Figure 1 (d) through the elastic actuators of the compliant arms, allows for efficient coping with interaction forces and also provides measurements of these forces that can be used to close the feedback loop [16] . The adoption of active compliance approaches requires measurements of the interaction wrenches, which can be achieved, for example, by using a wristmounted force/torque sensor on the arm, as in [20] , where the contact wrenches are fed to an admittance filter. Such a control scheme has been tested on an underactuated quadrotor equipped with a 6DoF manipulator.
An alternative solution to the force/torque sensor is the use of wrench estimators, as proposed in [14] and [21] . The adoption of underactuated platforms implies that the lateral forces in the body frame, which cannot be provided by the aerial platform itself, must be generated through the dynam ic/inertial coupling between the arm and the aerial robot, which is usually quite difficult to manage accurately. To over come this challenge, the admittance control paradigm was exploited by considering the platform in Figure 1 (a), charac terized by noncollinear, fixedly tilted propellers, which makes it possible to independently control the translational and angular acceleration when unconstrained and to govern any of the six components of the exerted wrench when in contact [14] . Case studies considered include the contact inspection of a pipe and a peginhole emulating a sensor installation. Figure 3 shows the relevant variables for one of the experi ments. Videos can be found at http://homepages.laas.fr/ afranchi/robotics/?q=node/414.
Regarding the vehicle/arms coordination, a behavioral control scheme has been proposed for handling both single and dualarm aerial manipulators. The approach in [22] is based on an extension of the setbased nullspace based approach [23] to the case of aerial manipulators, which involves challenges different from those in other robotic sys tems. On the one hand, the results show that this generaliza tion was successful; on the other, specific behaviors and design procedures were tailored because of the different actu ating characteristics.
Teleoperation
To evaluate the feasibility of aerial telemanipulation for indus trial I&M tasks, the AEROARMS teleoperation system had the goals of ensuring 1) a stable and transparent teleoperation system under the channel characteristics of the wireless com munication link and 2) the stability of the coupled controller for the manipulator and aerial base.
Stable Teleoperation with Communication Time Delay
For the timedelayed teleoperation system, the tradeoffs between stability and performance requirements were tackled by means of a novel fourchannel architecture in which force and position signals were exchanged between both the haptic interface (master) and the aerial robot (slave). In each of the channels, a passivitybased controller was exploited to guar antee stability under nominal communication time delays, packet loss, and jitter, while transparency was maintained. To this end, a widely used passivity tool, namely, the time domain passivity approach (TDPA), was used. The overview of the implemented bilateral controller for the AEROARMS project is shown in Figure 4 .
Stable Coupled Control of the Manipulator-Aerial Base System
The stability of the coupled controller for a helicopter with a manipulator was proven in [24] for the autonomous scenario. Here, the manipulator wrench forces were computed in the fuselage frame of the helicopter, thus ensuring passivity. As an extension of the teleoperation case, the passivity check with TDPA to remove the destabilizing effects of communication time delay was applied for the coupled controller. The on ground hardwareintheloop (HIL) simulator [25] was adapted to reproduce the dynamics and control of the aerial system and repeatedly test the bilateral control under defined conditions. Figure 5 shows the results of the teleoperation peginhole experiments performed on the HIL with the heli copter control and dynamic simulation. Although the designed controller pro duced a stable and highperforming system (in terms of pure teleoperation), as can be seen, the base of the manipu lator moved as a result of the manipula tor' s motion and external interaction. It was discovered that, for highly intricate tasks like precise endeffector position ing and accurate force exertion on the environment, the reactive dynamics of the aerial base make the task comple tion highly challenging for the operator (note especially the time between 27 and 30 s in the plots). To aid the opera tor, taskdependent autonomy can offer substantial benefits. Therefore, employ ing virtual fixtures [26] and vision based shared control [27] rather than pure teleoperation is planned in the AEROARMS scope. 
Perception
The existing techniques for perception in aerial manipulation are, in most cases, methods adapted from aerial vehicles with out manipulation skills to provide positional accuracy and place recognition [28] . The AEROARMS I&M use cases, however, require perception modules that go beyond the state of the art to • accurately localize the vehicle, during both the navigation and manipulation phases • localize and register the target pipes • detect the objects involved in the I&M tasks • assist the aerial robot in picking up or releasing the crawler. Aerial manipulators are expected to work in realistic indus trial scenarios, which are complex, dynamic, unstructured, and obstacle dense and have poor or no GNSS reception; thus, the techniques employed must be able to adapt to unknown dynamic environmental and illumination conditions. Perception techniques will benefit from various sensors with different physical principles and fuse their readings. The ones used in AEROARMS include threedimensional (3D) lidar, stereo cameras, IMUs, optical flow sensors, and ultrawidebandrange sensor nodes deployed in the sce nario [ Figure 6(a) ].
In the AEROARMS I&M use cases, two operational stages can be distinguished: 1) navigation in the environment and 2) manipulation in close proximity to obstacles. Realtime, accu rate, and robust 6DoF pose estimates of the robot are com puted on board by a multisensor filter based on Monte Carlo localization (MCL) that integrates the measurements from the 3D lidar, the stereo camera, and the ultrawideband nodes using a precomputed multisensor map.
In flights prior to I&M missions, a multisensor mapping scheme builds separate maps for each sensor and treats them as different layers of the multisensor map, with all layers sharing the same temporal and spatial frames. We preferred this scheme versus a monolithic approach because it provides higher modularity, flexibility, and efficiency and offers the capacity to guide the map' s development, leveraging the contri bution of each sensor. Figure 6 (c) shows the multisensor map ob tained in the experiment in Figure 6 (b). The robot localization computed by the multisensor MCL in that experiment had a mean error with respect to the realtime kinematic global positioning system (GPS) of 9.9 cm, which was 47% lower than the robot localization estimation obtained using lidar odome try and mapping in real time [29] .
Robot pose estimation during manipulation requires higher levels of accuracy. To that end, the points and lines simultaneous localization and mapping (SLAM) algorithm was developed to leverage the state of the art in SLAM [30] , with simultaneous estimation of point and line features [31] as well as precise localization at a rate of 3 Hz, resulting in better accuracy than direct methods. Parameterizing lines by their end points provides robustness against occlusions and in poorly textured environments. To improve localiza tion precision, a new method using camera images and deep learning was used, reaching a precision of 4.5 cm. Fig  ure 7(a) shows the deeplearning architecture. Faster odometry estimates are obtained by fusing IMU and optical flow data. In AEROARMS, sensor synchronization is addressed with time stamps, enabling timing errors of some milliseconds, sufficient to obtain the required GNSSfree pose estimation errors.
Once the pipe is localized, industrial use cases require the identification and tracking of specific I&M characteristics and artifacts on the pipe, such as welding marks and corro sion points. The specific characteristics to be tracked can be chosen online by an operator. Offline learning methods are not feasible because of the small size of the training data set. We developed an online semisupervised boosting meth od [32] that adapts to realtime changes in illu mination, shadows, and partial occlusions. In this case, the operator selects online the type of defect, and the perception system adapts the pattern shape, color, and texture to detect and track the defect. This new method can work in two modes. In the first, the system in a sense learns online; if the defect characteristics change significant ly, the system asks the operator to incorporate these new characteristics in the model. In the second mode, the system works only by identi fying or tracking the defect; although this method allows some adaptation, major chang es are not permitted. An example of weld detection and tracking using the method is shown in Figure 6(d) .
The deployment of a robot crawler is also a use case, as mentioned previously. The pickup and release of the crawler by the aerial robot are performed in two steps. In the approach maneuver, the crawler pose is roughly esti mated with an appearancebased deeplearn ing method, the architecture of which is shown in Figure 7(b) ; for the actual pickup or release, a positioning system based on deformable markers was built [33] , guarantee ing very high accuracy (2cm precision), as shown in Figure 6 (e).
Motion Planning and Navigation
Motion planning is required 1) to move the aerial manipulator from a takeoff position to the area to be inspected or maintained and 2) to perform the inspection or maintenance task. The former may require navigation in environments cluttered with pipes, structures, and so forth (see Figure 2) . The latter requires treating dynamic constraints in a subspace defined by the task. Both methods are presented in this section.
Navigation in Cluttered Environments
A motionplanning approach for aerial manipulators exploit ing the concept of differential flatness was developed. Differ ential flatness is very useful because it allows the direct planning of trajectories in a lowerdimensional space without the need to explicitly consider the fulfillment of the system's complex nonlinear and underactuated dynamics. For instance, it has been exploited for dynamic grasping using aerial manipulators with a singlelink arm [34] .
In the context of AEROARMS, where an aerial manipu lator must interact by means of an end effector, it is most helpful if the endeffector position and orientation belong to a flat output of the system. Unfortunately, this is not the case for any aerial manipulator. Our main contribution in this field has been to prove that there exists a class of aerial manipulator designs, which we named protocentric, for which this property is ensured [35] .
Motion Planning for Task-Constrained Aerial Manipulation
An approach that reinforces the connection between motion planning and control in the context of aerial manipulation was developed [36] . The underlying idea uses the controller as a local method to connect neighboring states within a global motionplanning algorithm. The use of the controller inside the planner guarantees the feasibility of the trajectory for the real system, satisfying task constraints in addition to geometric, kinematic, and dynamic limits. Furthermore, it allows better prediction of the behavior of the closedloop system. Another advantage is that using a control method that treats the redun dancy of the system directly allows the planner to search for a solution in the reduced and more relevant task space. Planning at the task level enables a more straightforward formulation of taskconstrained motionplanning problems and generally reduces the dimensionality of the search space. Finally, by properly defining the task, one can choose a good tradeoff between the dimension of the search space and the delegation of some degrees of freedom to the controller.
The proposed controlaware motion planner applies a samplingbased algorithm to search for a solution directly in the task state space , Figure 8 shows a schematic of the approach.
The planner can find trajectories in constrained environ ments where a purely reactive, gradientbased approach fails because of local minima traps. Figure 9 shows one of the sce narios used for evaluation in a simulation reproducing a plau sible I&M application by contact, which requires the end effector to constantly be touching and perpendicular to the pipe. The planner requires about 20 s to obtain a solution tra jectory in this context.
AEROARMS Aerial Robot for Industrial Contact Inspection
Various control, perception, and planning algorithms and functionalities have been described in the previous sections. After a research period during which different approaches and functionalities were developed and tested in controlled environments, all of this knowhow was applied to develop an aerial robot for industrial outdoor contact inspection (Figure 10 ), which is AEROARMS's first use case.
The main characteristics of this aerial platform, called AEROX, are shown in Table 1 . It has an eightrotor configura tion with a small angular gap at the front and back of the vehicle to allow the robotic arm to pass between the propel lers. The motors are tilted alternately 30° around the arms, allowing control of lateral acceleration to prevent the platform from tilting. Moreover, this machine exhibits a special design integrating a new type of aerial robotic manipulator that can rotate around the vehicle's CoM and allow robust contact operations that are suitable for precise industrial inspections. This novel manipulator can orient the end effector in 1 DoF (up and down) with 180° of working space, efficiently deal with external perturbations (wind, force, and torques generat ed from the contact), maintain a specific force in contact with the surface, and calculate the position of the end effector with respect to the aerial robot.
To validate this configuration, many experiments were conducted. The video at https://youtu.be/vc6E_3iS690 pro vides a summary of these investigations, including laboratory tests in an indoor test bed with a motiontracking localization system used as ground truth, outdoor experiments with a safety tether, and outdoor freeflight experiments.
As shown in Figure 11 (a), each time the rope was pulled, a perturbation along the rolling axis of the vehicle was pro duced due to the pulling direction and the rope anchoring to the landing gear under the center of gravity. The relative posi tion of the robot was validated using the groundtruth local ization system. As a result, we obtained precise estimations, with a rootmeansquare error of 9.2 mm.
A teleoperation device, specifically designed for contact inspection operations, was developed. It is composed of the following elements:
• a video camera to allow remote viewing of the area of interest • a wheeled system to move the end effector when it is in contact with the pipe . An illustration of a planned trajectory for a pipe inspection. The planned trajectory allows the robot to maintain contact between the sensor (installed at the end of the arm) and the inspected pipe while avoiding collisions with the other pipe on top. The path followed by the sensor is represented by the red line.
• an inspection sensor, i.e., an ultra sound or eddycurrent sensor to per form industrial contact inspections • a ground interface, with a camera and sensor device, allowing the operator to monitor and modify all inspection parameters. The procedure to perform inspections with this novel aerial vehicle is as follows. 1) The aerial robot takes off and ap proaches the area to be inspected. This phase could be autonomous or teleoperated and may eventually benefit from the previously men tioned trajectory planning. 2) The machine comes into contact with the pipe to be inspected. This phase can also be autonomous or teleoperated and benefits from the perception system. 3) The operator switches the aerial vehicle into the inspection mode, during which the robot automatical ly maintains its position with respect to the point of contact. From this moment, the inspection opera tor has full control of the system. a) The operator, looking at the cam era, can move the sensor along the pipe, disregarding the aerial robot' s individual degrees of freedom, benefiting from the taskpriority controller, and eventually resorting to sharedcontrol methods. b) Once at the area of interest, the operator uses the sensor control interface to perform the inspection. 4) The operator can then move the end effector to the next area of interest or can finalize the inspection. 5) After the full inspection is complete, the pilot switches back to the flying mode and detaches the aerial robot from the pipe.
Lessons Learned
Experiments in industrial settings can be performed only after the robustness of the proposed solutions have been extensively tested. In this testing, the main lessons learned were the following.
• Wind and aerodynamic perturbations generated by nearby surfaces should be compensated for by the con troller quickly enough to maintain safety and achieve accuracy and relative stability. Multidirectionalthrust platforms are better suited for maintaining forces in any direction, as required for contact inspection. Compli ance in the arms is also highly relevant to maintaining safety. Currently available light servocontrollers impose limitations on the accuracy that can be obtained by the end effector. • The previously mentioned perturbations have a significant impact on navigation and manipulation, generating devi ations from trajectories planned with conventional meth ods. The use of a controller inside the planner is helpful for predicting the dynamic behavior of the closedloop system. Moreover, reactivity methods are needed for dynamic envi ronments or incremental map building.
• For timedelayed teleoperation, taskdependent shared control algorithms might be helpful 1) to track the master position accurately by the slave manipulator in spite of the base movement and 2) to hide the dynamics of the aerial base from the operator so that he or she perceives a fixed base teleoperation.
• Sensor data fusion methods should be applied to compen sate for the limitation of individual sensors, such as the loss of GPS, lighting changes, and electromagnetic disturbances.
Conclusions
AEROARMS has demonstrated the application of aerial robots to contact inspection of industrial pipes while flying, showing the ability to perform ultrasonic measurements for determining the thickness of pipe walls. The results presented here demon strate the suitability of aerial robotic manipulation for these outdoor applications. Significant advances with respect to the state of the art were necessary in the areas of design, perception, teleoperation, and motion planning and control. Most of the proposed methods and technologies were dem onstrated outdoors, which is a significant departure from other published works on aerial robotic manipulation. Multidirec tional thrusters and compliance in the end effectors were note worthy technologies applied. This work received the Overall Innovation Radar Prize 2017 of the European Commission in the Information and Communication Technologies event [37] . Factory implementation of the flyingbased contact measure ment and the deployment of the crawler are in preparation.
